Purpose: Autonomic imbalance as measured by heart rate variability (HRV) has been associated with poor outcome after stroke. Observations on HRV changes in intracerebral hemorrhage (ICH) are scarce. Here, we aimed to investigate HRV in ICH as compared to a control group and to explore associations with stroke severity, hemorrhage volume and outcome after ICH. Methods: We examined the autonomic modulation using frequency domain analysis of HRV during the acute phase of the ICH and in a healthy age-and hypertension-matched control group. Hematoma volume, intraventricular extension, initial stroke severity and baseline demographic, clinical parameters as well as mortality and functional outcome were included in the analysis. Results: 47 patients with ICH and 47 age-and hypertension matched controls were analyzed. ICH patients showed significantly lower total high frequency band (HF) and low frequency band (LF) powers (p = 0.01, p b 0.001), higher normalized HF power (p = 0.03), and lower LF/HF ratio (p b 0.001) as compared to the controls. Autonomic parameters showed associations with stroke severity (p = 0.004) and intraventricular involvement (p = 0.01) and predicted poor outcome independently (p = 0.02). Conclusions: Autonomic changes seems to be present in acute ICH and are associated with poor outcome independently. This may have future monitoring and therapeutic implications.
Background
Changes in autonomic nervous system (ANS) characterized by impaired cardiovascular regulations and shifted balance between sympathetic and parasympathetic outflows have been found previously in patients with acute stroke [1] [2] [3] . Of clinical importance, autonomic impairment has been uniformly associated with poor outcome and increased mortality or sudden death after stroke [4] [5] [6] . Changes in heart rate variability (HRV) and baroreceptor sensitivity (BRS) are traditionally accepted as surrogates of cardiovascular ANS regulations [7] . Previous studies reporting HRV in acute brain injury focused mainly on ischemic stroke or traumatic brain injury (TBI) [2, 8, 9] . In ischemic stroke, the majority of the observation conclude that HRV is decreased in general, with decreased both high frequency band (HF) and low frequency band (LF) components, and increased LF/HF ratio. In severe TBI studies rather suggest higher HF powers and lower LF/HF ratios as compared to healthy subjects [10] . In TBI and stroke, HRV parameter uniformly show an independent association with outcome. The presence and character of HRV changes and its significance in intracerebral hemorrhage (ICH) remain underexplored. Therefore, we aimed to investigate HRV changes in ICH patients as compared to age-and hypertension matched "healthy" subjects and to describe possible associations of HRV with ICH outcome. We hypothesize that HRV parameters indicating sympathetic activation are present in ICH patients and relate to mortality and poor outcome after ICH.
Methods

Population
Patients with acute stroke fulfilling the criteria for non-biased measurement of autonomic functions were included into an open, prospective database reported elsewhere [11] . Briefly, this database prospectively collects consecutive patients with acute stroke (both ischemic and hemorrhagic) with no history of previous stroke, diabetes mellitus, atrial fibrillation, myocardial infarction, chronic renal failure, or other medical conditions known to affect autonomic functions. All included patients had to be free of antihypertensive medication or any cardiovascular active treatment at the time of the autonomic measurement for at least 24 h. For the purposes of the recent study, we retrospectively analyzed patients from the aforementioned database from the period 2008-2012 who fulfilled following criteria: (1) acute intracerebral hemorrhage, (2) at least 5 min artefact free continuous beat-tobeat blood pressure record within the first 24 h after onset of symptoms, (3) the measurement had to be performed before intubation, (4) patients who received acute antihypertensive treatment before or upon admission were excluded.
Control group
Control subjects were neurologically healthy subjects selected with regard on age, sex, history of hypertension and previous antihypertensive therapy. Subjects with history of stroke or any other neurological disease, atrial fibrillation, history of myocardial infarction, diabetes mellitus, chronic renal failure or other medical conditions known to affect autonomic functions or those requiring at the moment antihypertensive therapy or any cardiovascular active treatment were excluded. Again, if antihypertensive therapy was present, it had to be withdrawn for at least 24 h before measurement and the type of medication was recorded.
Assessment of autonomic functions
Blood pressure for assessment of autonomic functions was measured noninvasively using the Finometer device (FMS, Finapres Medical Systems BV, Amsterdam, Nederlands). This device employs a volume clamp method to capture beat-to-beat (continuous) values of blood pressure and pulse rate in the finger artery. A cuff of appropriate size was attached to the middle finger of the non-hemiparetic hand of the patient in supine position and the hand was maintained at heart level. Using the Finometer device, continuous blood pressure and pulse rate for autonomic assessment was recorded within 24 h after stroke onset, usually directly upon admission, after 30 min of resting in a separated, closed, and quiet ICU intervention room, for a period of 10 min. For the control group the measurements were performed in the same ICU intervention room, after 30 min of resting period. The control subjects were asked to abstain from caffeine, nicotine, alcohol, exercise, and other medications 24 h prior to data collection. The ICM + ® software (Cambridge Enterprise, Cambridge, UK, http://www.neurosurg.cam. ac.uk/icmplus) was used for the retrospective analysis of stored Finometer signals. According to the international guidelines on HRV analysis (7), we used parameters from the frequency domain analysis. For all HRV parameters we used 300 s time series of continuous blood pressure signal. The raw data, recorded originally at sampling rate of 100 Hz were up-sampled to 200 Hz and processed through a peak detection algorithm based on Pan-Tomkins method [12] . Artefacts like device calibration as well as individual ectopics were automatically removed prior to further analysis. Subsequently Lomb-Scargle periodogram was used to calculate spectral power of the resulting irregularly sampled peak-to-peak periods time series in the very low frequency range (VLF: 0.003-0.04 Hz), low frequency range (LF: 0.04-0.15 Hz), the high frequency range (HF: 0.15-0.4 Hz), the total power (TP: 0.003-0.4 Hz) and the LF/HF ratio. Further, for HF and LF, normalized powers (HF/(TP-VLF) x 100 and LF/(TP-VLF) × 100, respectively) were calculated. (7) VLF power itself was not used in the further analysis because the recording period was too short to provide meaningful results in this band of frequency.
Assessment of clinical parameters
At admission patients were scored according to the National Institute of Heath Stroke Scale (NIHSS). Demographic, baseline clinical and laboratory parameters including age, sex, history of hypertension, previous antihypertensive therapy, admission NIHSS score, admission blood pressure, were recorded. NIHSS score was again recorded at hospital discharge. Modified Rankin Score (mRS) was used to assess functional outcome. mRS at 90 days was retrieved using a standardized telephonic interview.
Assessment of hemorrhage volume and intraventricular extension
The diagnosis of ICH was confirmed by CT or MRI. The ICH volume was calculated from the first CT or MRI scan using the a x b x c x 0.5 method for regular shapes and a x b x c x 0.33 for irregular shapes [13] [14] [15] . The presence of intraventricular hemorrhage extension (IVH) was recorded as present of absent.
Clinical management
After the autonomic measurement has been performed, a uniform general management according to international guidelines was applied. This included close telemetric monitoring of blood pressure and treatment of hypertension to achieve blood pressure values below 140/80 mmHg and orotracheal intubation and ventilatory support if Glasgow Coma Scale (GCS) b8. In case of concomitant ventricular hemorrhage with hydrocephalus placement of an external ventricular drain (EVD) was performed. Hematoma evacuation was performed based on individual consensus between neurointensivist and neurosurgeon in patients with lobar superficial hematomas or in those deteriorating clinically.
Ethics
The ethics committee of Heidelberg University, Germany, approved the study. All patients or their next of kin gave written informed consent.
Statistics
Distribution of the data was visualized using histograms and tested using the one-sample Kolmogorov-Smirnov test. For normally distributed data the results are presented as mean, range, and SD, for nonnormally distributed data as median, range, and IQR. For comparison between the groups Fisher's test, Mann-Whitney test, or Student's unpaired t-test was used, as appropriate. Correlation analysis using Spearman's or Pearson's correlation coefficient was used to explore the univariate associations between the variables. Partial correlations and multivariate regression were used to adjust for possible confounders. Stepwise approach in the logistic regression models was use to adjust for possible collinearities. Values of p b 0.05 were considered statistically significant in all tests. All statistics were performed using statistical software SPSS 21.0 for Windows.
Results
Altogether 47 patients with acute intracerebral hemorrhage met the inclusion criteria and entered the analysis. The mean age was 61 years and 42.6% were females. Median admission NIHSS was 13, median hemorrhage volume was 38 ml and 55% had intraventricular extension of the hemorrhage (IVH). 60% of the patients underwent mechanical ventilation und 28% received surgical therapy. For detailed demographic, clinical and radiological characteristics of the study population see Table 1 . 47 matched control subjects with comparable sex (42.6% females versus 44.6% females, p = 1), age (mean 57.9 years versus mean 60.8 years, p = 0.44) history of hypertension (74.5% versus 74.5%, p = 1) and no previous antihypertensive medication (70.2% versus 80.8%, p = 0.4) were included, for details see Table 2 .
Autonomic modulation in ICH patients versus controls
Acute ICH patients showed significantly higher systolic blood pressures (139 versus 118 mm p = 0.007), increased normalized power of the HF band (30 versus 20, p = 0.03), decreased LF/HF ratio (0.7 versus 1.6, p b 0.001), decreased normalized power of the LF band (19 versus 28, p = 0.02) and overall decreased total power in HF and LF band (108 versus 394 ms 2 , p = 0.01 and 118 versus 560 ms 2 , p b 0.001), as compared to controls, see Table 2 . 
Discussion
Autonomic involvement seems to be an important co-factor for outcome in several acute neurological and non-neurological conditions. To our best knowledge, this is the first report on changes of the HRV in the ICH -intracerebral hemorrhage, SD -standard deviation, NIHSS -National Institute of Health Stroke Scale, mRS -modified Rankin Score, BB -betablockers, ACEI -angiotensine converting enzyme inhibitors, AT-angiotensin receptor antagonists, CA -calcium antagonists. BB -betablockers, ACEI -angiotensine converting enzyme inhibitors, AT-angiotensin receptor antagonists, CA -calcium antagonists, BP-blood pressure, SD -standard deviation, HRheart rate, HF-high frequency, LF-low frequency.
setting of acute ICH. In line with previous observations in patients with ischemic stroke, we found in ICH decreased total power of both HF and LF bands probably mirroring overall blunted responses in sympathetic, parasympathetic and baroreflex compartments [16] . Interestingly, in the context of overall decreased HRV, normalized HF power was increased and the LF/HF ratio was decreased as compared to controls. On the background of reduced LF and HF powers, the values of normalized HF power and LF/HF ratio may indicate that there is a larger reduction of LF than HF powers shifting the balance into parasympathetic predominance. This observation is new and contradicts the overall accepted hypothesis of sympathetic dominance in the acute phase of stroke. The majority of previous observations mainly examining ischemic stroke, showed increased LF/HF ratios as compared to controls suggestive of increased sympathetic activity [16] [17] [18] . NIHSS score as a measure of stroke severity correlated positively with LF power, LF/HF ratio and negatively with HF and total power indicating increasing sympathetic activation with stroke severity [16] . In our study, a phenomenon specific for ICH which is not present in the very early phase of ischemic stroke may be responsible for the decreased LF/HF ratio. In hemorrhagic stroke, the hemorrhage volume leads to a sudden increase in intracranial pressure (ICP) which may be responsible for the observed parasympathetic shift. Indeed, our population consisted mainly of critically ill patients with large hemorrhage volumes and signs of increased intracranial pressure. Studies in critical ill patients with TBI and increased ICP showed similar changes in HRV. A study in severe brain injury patients requiring intensive care showed higher HF powers and lower LF/HF ratio as compared to healthy volunteers [10] . Another TBI series found a decrease in LF/HF ratio in non-survivors from TBI [19] . Unfortunately, only few studies focused directly on effects of ICP on HRV. Biswas et al. found decreased LF/ HF ratio in ICP N 30 mmHg in children with TBI [9] . In our previous study with 327 TBI patients we found increased parasympathetic activity (increased HF powers) and decreased LF/HF ratio in non-survivor and those with poor outcome [20] . Moreover, a positive association between ICP and HF band power and inverse association with LF/HF could be observed [20] . A recent experimental study by Schmidt et al., however, reports increased sympathetic activity with increased LF/HF ratio upon experimentally raised ICP suggesting that the ICP-autonomic interaction may be more complex [21] . Earlier experimental studies showed participation of both parasympathetic and sympathetic nerve activity in the occurrence of cardiovascular responses to increased ICP [22] . Moreover, Schmidt et al. used CSF-infusion technique in healthy brains and in our study we describe massive brain pathology including possible structural disruption of the central autonomic network. ICP effects on autonomic cardiovascular regulation may thus be ambivalent, possibly dependent on the gradient and duration of the ICP increase, and, more importantly, on the localization and type of brain pathology involved. Unfortunately, our sample size does not allow for more precise analysis of localization-associated autonomic effects of cerebral hematomas. The localization subgroups deep (n = 30), lobar (n = 15) and brainstem (n = 2) showed no significant or meaningful differences in HRV parameters (data not showed).
Of clinical importance, autonomic parameters including HF power and LF/HF ratio seemed to be associated with outcome after TBI independently of ICP [20] In line with the later study, normalized HF powers and LF/HF ratio were independently associated with worse outcome also in ICH subjects. In terms of clinical interpretation of the model, for every unit increase in normalized HF power the odds for poor outcome is expected to increase by 20%. For every unit increase in LF/HF ratio the odds for poor outcome is expected to decrease by 93%. Including the normalized HF power into the "classical" ICH prediction model (age, hemorrhage volume, admission severity, IVH, glycemia) results in a change of the percentage of correctly classified patients with poor outcome (net reclassification benefit) from 87% to 96% (data not shown).
How blunted autonomic responses contribute to poor outcome after ICH remain speculative. Decreased LF/HF ratio and decreased LF power may also represent impairments in the baroreflex system. Impaired BRS in ICH has been described by our group previously [23] . BRS may be linked to cardiovascular complications and cardiac death, blood pressure fluctuations, insulin resistance and hyperglycemia, and brain edema formation or immunosuppression [24] . A crosslink between autonomic functions, baroreflex and cerebral autoregulation has been suggested as well [25] . All these factors may potentially contribute to secondary brain injury after ICH and worsen outcome. Thus, as has already been proposed in other types of acute brain injury, [2, 20] the current data raise the possibility of autonomic nervous system as a future monitoring and therapeutic target in ICH. Indeed, therapies suggesting autonomic modulation have been proposed in the treatment of TBI or stroke [24, [26] [27] [28] .
Certain limitations of our study has to be acknowledged. Due to the criteria for unbiased autonomic measurement, we excluded patients with previous stroke, myocardial infarction, atrial fibrillation, diabetes mellitus or other conditions known to affect autonomic functions as well as patients with active or acute antihypertensive treatment, producing thus a selection bias. This bias may limit a clear translation of our results into the general ICH population. Unfortunately, broad exclusion criteria for unbiased autonomic measurement are also responsible for the small sample size. Further, it has been shown previously that age, hypertension, and antihypertensive therapy may influence autonomic activity [29, 30] . Therefore, every effort was made to minimize these effects by creating a comparable control group, including mostly patients without previous antihypertensive treatment (70.2%) or after the drug had been withdrawn at least 24 h previously and by testing for possible confounding effects in the analysis. In our cohort we found no association between autonomic functions and age, hypertension, or previous antihypertensive treatment (data no shown). Despite the above mentioned measures, hidden effects of previous antihypertensive therapy on autonomic functions may not be ruled out completely. Further, the HRV measurements were performed under standardized "classical" conditions only in the control group. In the clinical setting with the acute ICH patients this was not applicable. However, as showed previously, HRV measurements may eventually produce meaningful results despite the inherent and unpredictable "ICU noise" [9, 20] . Given the fact that changes in HRV observed in ICH match previous observations in TBI and correlate with clinical, radiological and outcome parameters, it is unlikely that it would arise in this manner from a different setting of the measurement or triggered just by ICU admission per se. Finally, we used for the derivation of HRV not the usual RR intervals from ECG but continuous arterial blood pressure (ABP) signal from the Finometer® device. Review of the literature comparing HRV parameters derived from ECG and ABP signals indicates overall sufficient comparability [31] . Discrepancy between these two methods is seemingly present while measuring in standing or exercise [32] . This was not the case in our setting. Some studies indicate that HF component may be overestimated by deriving HRV from ABP signal recorded by Finapres [33] , however, it should not have affected our results as both the ICH and the control group were measured using the same technique. Summarizing all together, our results have to be definitely interpreted with caution and regard to the above mentioned limitations.
Conclusion
Measures of HRV in acute ICH point toward overall decreased autonomic cardiovascular modulation with a possible shift toward parasympathetic dominance. Decreased autonomic modulation is independently associated with poor outcome. In-depth research of these changes may help to develop novel monitoring and therapeutic targets in ICH.
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